Introduction
The colon is now known to be one of the most densely populated sites in the human body possessing up to 10 13 bacteria/g stool [1] . This complex community of bacteria predominantly belongs to two major anaerobic bacterial phyla, Bacteroidetes and Firmicutes. Within the Bacteroidetes phylum, Bacteroides spp. comprise about 30% of the total cultivated flora with greater than 20 established species, which are given below [2] . Bacteroides spp. are usually symbionts that are believed to contribute to the host's nutritional status as well as mucosal and systemic immunity [3 ] . In contrast, Bacteroides spp. also contribute to human disease when colonic integrity is disrupted allowing escape into the sterile peritoneum where they act as opportunistic pathogens. Among the Bacteroides spp., the capacity to cause harm is greatest for B. fragilis sensu stricto, which remains the leading anaerobe in intra-abdominal abscesses and bloodstream infections with mortality reported as high as 20% [4] [5] [6] . An emerging aspect of B. fragilis pathogenicity is the ability of select strains termed enterotoxigenic Bacteroides fragilis (ETBF) to cause diarrheal disease in animals, children, and adults [7 ] . Among Bacteroides spp., only ETBF has been associated with diarrheal disease to date. Conversely, nonenterotoxigenic B. fragilis (NTBF) strains are proposed to be a possible probiotic with the potential to quell colonic inflammation ( Fig. 1 ). This review will describe how these two molecular subgroups of B. fragilis are currently thought to influence colonic health and disease.
The 'good' B. fragilis: nonenterotoxigenic B. fragilis
To date, only two NTBF strains have been sequenced that, along with older data, provide insight into their putative roles as host symbionts and opportunistic pathogens [8, 9] . A portion of the genome of NTBF is devoted to facilitating metabolism of a wide array of different polysaccharides found in the colon. The most striking aspect of the NTBF genome is the genes encoding the polysaccharide capsule. NTBF expresses eight distinct polysaccharides [termed polysaccharide A (PSA) to PSH [10] ] representing the most complex polysaccharide system known among bacteria. Expression of different polysaccharide capsules facilitates adherence to the colonic mucosa and also, when the organism is outside of the gastrointestinal tract, contributes to virulence and abscess formation. The majority of our understanding of the biology of NTBF is based on studies of a single strain (NCTC 9343), one of the fully sequenced strains.
Recently, new concepts have emerged about how NTBF may contribute to colonic and human health. Germ-free mice have defects in lymphoid and CD4 þ T-cell development. Colonization of germ-free mice with NTBF or treatment of the mice with PSA alone corrects these defects in the mucosal and systemic immune system, restoring the balance between T-helper cell (Th)1 and Th2 immunity [11, 12] . Further, in certain murine models of experimental colitis (considered models of inflammatory bowel disease) based on Helicobacter hepaticus colonization or administration of the compound trinitroben-zene sulfonic acid (TNBS), administration of NTBF or PSA alone protects against the development of colitis [11] . These data provided the first demonstration that a single molecule of a common human symbiont could promote beneficial mucosal and, possibly, systemic immune responses that deter inflammatory responses. Additional data suggest that other Bacteroides spp, such as B. thetaiotamicron, contribute essential metabolic functions converting poorly utilized dietary carbohydrates into readily absorbed nutrients [3 ] . Thus, the presence of Bacteroides spp. in the colonic flora appears to be integral to human health.
The 'bad' B. fragilis: enterotoxigenic B. fragilis
No ETBF strains have yet to be fully sequenced. Available data suggest that these strains differ from NTBF through acquisition of at least one conjugative transposon containing a pathogenicity island or islet with a distinct virulence gene encoding a 20-kDa metalloprotease toxin called the B. fragilis toxin or BFT (also known as fragilysin) [7 ] . BFT is secreted by ETBF both in vivo (detectable in stool) and in vitro. Three subtypes of BFT (BFT-1, BFT-2 and BFT-3) have been identified to date with BFT-1 expressed by about two-thirds of ETBF isolated around the globe followed by BFT-2 (25%) and BFT-3 ($10% and mostly identified in southeast Asia). Limited biologic differences have been identified to date among these BFT isotypes. BFT stimulates the cleavage of intercellular adhesion protein E-cadherin on colonic epithelial cells, resulting in increased human colon permeability and activates nuclear factor-kappa B signalling, resulting in proinflammatory cytokine secretion by colonic epithelial cells.
In the last year, two reviews have provided a comprehensive summary of ETBF and their clinical expression as well as the pathogenesis of these infections [7 ,13] . Below are the summarized key features of ETBF disease in humans. ETBF were first identified and associated with lamb diarrheal disease in 1984 and with human diarrheal disease in a controlled study reported in 1992 [14, 15] . Studies conducted around the globe show that ETBF are consistently associated with human diarrheal disease with the majority of the studies conducted in young children (<5 years of age). Children less than 1 year of age are asymptomatically colonized with ETBF, although diarrheal disease due to ETBF emerges after age 1.
The largest study of ETBF disease in adults was conducted in Sweden [16] . The investigators assessed ETBF in adults hospitalized with acute diarrheal disease compared with isolation of ETBF from healthy outpatient control adults. ETBF was identified in 27% of 728 patients with diarrhea and 12% of 194 healthy controls Bacteroides spp. and diarrhea Wick and Sears 471 (P < 0.01). In this study, 19% of adults of below 30 years of age, 10.6% of adults between ages 30 and 60, and 3.7% of adults older than 60 years were asymptomatically colonized with ETBF. Among adults between 15 and 30 years of age, ETBF fecal carriage rates were similar for those with and without diarrhea, whereas association of ETBF with diarrheal disease emerged in older patients.
In an effort to further define the clinical picture of ETBF infections including intestinal inflammatory responses and the systemic and intestinal antibody responses during ETBF diarrhea, an observational study of children and adults with acute diarrheal illnesses was conducted in Dhaka, Bangladesh [17] . ETBF was identified to cause a clinical syndrome with marked abdominal pain and nonfebrile inflammatory diarrhea in both children (age >1 year) and adults. Fecal leukocytes, lactoferrin, and proinflammatory cytokines [interleukin (IL)-8, tumor necrosis factor-a] as well as systemic and fecal anti-BFT responses (IgA, IgG) increased rapidly in ETBFinfected patients. Recently ETBF has also been identified as a potential cause of traveler's diarrhea [18] . US and European travelers visiting Mexico, Guatemala, and India who developed acute diarrheal disease were examined for the prevalence of conventional bacterial enteric pathogens, enterotoxigenic and enteroaggregative Escherichia coli (ETEC, EggEC, respectively) as well as Arcobacter spp. and ETBF in stool samples. One or more pathogens were identified in 84% of study participants. ETEC was identified in 152 patients (76% of those examined), with 16 (8%) individuals positive for A. buzleri and 15 (7%) positive for ETBF in stool samples. Approximately, 50% of those positive for ETBF were also ETEC positive. The prevalence of ETBF diarrhea varied by location being most common in travelers to Goa, India [6 patients (13%)].
Studies examining specifically for ETBF in other clinical entities, such as nosocomial or antibiotic-associated diarrhea, are limited and inconclusive. Three small clinical studies have reported a link between ETBF infection and active inflammatory bowel disease as well as colorectal cancer, raising the concern that chronic ETBF colonization may lead to adverse consequences for the host [19] [20] [21] . Larger studies utilizing sensitive and specific ETBF diagnostic tools are needed to further assess these preliminary findings.
Studies reported in the last year conducted in newly developed murine models of ETBF disease have added substantively to our understanding of the pathogenesis of ETBF infections and, notably, have demonstrated that, in mice, ETBF is an oncogenic enteric pathogen. In the most commonly used laboratory mouse (C57BL/6 mouse strain), ETBF induces not only acute, symptomatic colitis but also persistent subclinical colonic inflammation and hyperplasia that is present throughout the life span of the mouse [22] . In contrast, in germ-free mice, ETBF colitis was lethal suggesting that the conventional mouse flora dampens ETBF pathology. Colonic histopathology demonstrated mucosal thickening with inflammatory cell infiltration, crypt abscesses, and epithelial cell exfoliation, erosion, and ulceration. In contrast, NTBF (strain NCTC 9343) caused no histopathology. The detection of chronic colonic inflammation associated with asymptomatic ETBF colonization combined with in-vitro studies showing that BFT activates pro-oncogenic cellular signaling led to the hypothesis that ETBF is an oncogenic bacterium. This hypothesis was recently tested in the multiple intestinal neoplasia (Min) mouse strain, heterozygotes for the adenomatous polyposis coli (APC) gene, which develop intestinal tumors when the second copy of the APC gene spontaneously mutates [22] . The Min mouse is the murine homolog of the familial adenomatosis polyposis (FAP) syndrome that inexorably leads to colon cancer in those affected. Min mice mostly develop small bowel tumors beginning at approximately 3 months, and by 4-6 months, have developed usually less than five colon tumors per mouse. In contrast, Min mice colonized with ETBF develop not only chronic, asymptomatic colitis but also intraepithelial colon tumor foci detected by 1 week after colonization. Neither shaminoculated nor Min mice colonized with NTBF develop excess colon tumors. By 1-2 months after ETBF inoculation, ETBF colonization is associated with a marked increase in gross colonic tumor formation not observed in controls (Fig. 2) . Tumor induction and numbers correlate with microscopic colon hyperplasia and inflammation and occur predominantly in the distal colon, consistent with the distribution of human colorectal cancer. Small bowel tumors did not increase in ETBF-colonized Min mice, consistent with the known colonic niche for B. fragilis.
Figure 2 Enterotoxigenic Bacteroides fragilis induce colon tumors in multiple intestinal neoplasia mice
The photograph shows the distal colons of Min mice colonized for 2 months with either NTBF or ETBF. Only ETBF-colonized Min mice display excess gross tumors in colons stained with methylene blue. ETBF, enterotoxigenic Bacteroides fragilis; Min, multiple intestinal neoplasia; NTBF, nonenterotoxigenic Bactersoides fragilis. Reproduced with permission from [23 ] .
ETBF further rapidly induces infiltration of the colonic lamina propria with IL-17-producing CD3 þ CD4 þ T-cells and CD3 þ CD4 À gd-T-cells. Tumor formation was significantly inhibited by administration of blocking antibody to IL-17, thus confirming the role of IL-17 in tumorigenesis in this murine model of colorectal neoplasia. These studies show that a common human colonic bacterium induces inflammation-induced colon neoplasia, in part, through a Th17-dependent immune pathway. Extension of these observations demonstrating ETBF-induced colitis and tumorigenesis in murine models to humans will require detailed study of the epidemiology of ETBF infection and colorectal pathology.
Other links between Bacteroides spp. and diarrheal disease
Additional observations suggest that Bacteroides spp. may also contribute to exerting a protective effect in colitis and diarrheal disease. Clostridium difficile diarrhea is associated with a shift in the composition of the commensal flora and, specifically, diminished colonization with Bacteroides spp has been reported in C. difficile diarrhea and antibiotic-associated diarrhea [24] . It has long been hypothesized that restoration of a balance in the colonic microbiota may be an effective treatment for recurrent C. difficile infection. Fecal transplantation in a patient with chronic C. difficile was conducted in an effort to restore the Bacteroides spp. [25] . Prior to transplantation, the patient's flora was deficient in Bacteroides spp. with Firmicutes dominating. By 2 weeks after transplantation, the patient's flora resembled the donor's flora and was mainly Bacteroides spp.; the chronic diarrhea resolved. Bacteroides spp. have also been implicated in being protective against chemotherapy-induced diarrhea. Under normal conditions, the microbiota is embedded within the protective mucous membrane overlying the intestinal epithelial cells. Chemotherapeutic agents, including 5-fluoruracil (5-FU) destroy the epithelial lining of the gastrointestinal tract and can be associated with severe colitis and diarrhea. A recent study examined the effect of 5-FU-induced mucin destruction on the colonic flora in mice [26 ] . 5-Fluoruracil treatment, in addition to causing colitis, was associated with fewer fecal Lactobacilli and Bacteroides spp. and increased E. coli, suggesting that shifts in the flora may contribute to chemotherapyinduced gastrointestinal toxicity. A similar murine study focusing on irinotecan-associated diarrhea found that after administration of irinotecan (a topoisomerase inhibitor), the flora was dominated by E. coli, Staphylococcus and Clostridium spp. whereas Lactobacillus, Bifidobacterium and Bacteroides spp. had been depleted [27] . These studies are consistent with the data suggesting a role for NTBF in colonic health but do not define which Bacteroides spp. or even if Bacteroides spp, rather than other members of the microbiota, are crucial to the associations show.
Conclusions
The Bacteroides spp. are a complex group of organisms. Among this group of organisms, only B. fragilis and B. thetaiotamicron have been studied in any depth experimentally and clinically. B. fragilis has been and remains the leading anaerobe in human disease. Clinical and experimental data have distinguished two major molecular B. fragilis subgroups NTBF and ETBF, with only ETBF being associated with diarrheal disease in children and adults. Newer experimental studies suggest that NTBF may be crucial to colonic mucosal integrity and immune development whereas long-term ETBF colonization may induce chronic inflammation with the potential for oncogenic transformation. Human epidemiologic studies are needed to better understand the role of B. fragilis and other Bacteroides spp. in human health and disease.
